suggesting the involvement of a "leak" K ϩ current. This latter type of response is prominent in a variety of neurons, from regions as diverse as the cortex and thalamus (reviewed in McCormick, 1992) 
. With the exception of Results TASK-2, these channels produce currents that fit the description of leak inasmuch as they are instantaneous Motoneurons Express High Levels of TASK-1 mRNA In situ hybridization was performed to determine the CNS and show only mild rectification properties. In the case of TASK-1 and TRAAK, this rectification can be entirely distribution and relative expression levels of TASK-1. Brain sections from adult rats (200-300 g, n ϭ 3) were accounted for by the concentration gradient of the (K ϩ ) charge carrier, as predicted by the constant field equaobtained in the sagittal, horizontal, and coronal plane and were hybridized with a TASK-1 antisense cRNA tion (the so-called "Goldman-Hodgkin-Katz" or "open" rectification; Hille, 1992) .
probe. As shown in the autoradiogram of a sagittal section in Figure 1A , TASK-1 was differentially distributed Two of the two-P domain-containing channels, TASK-1 and TASK-2, are distinguished from other family memthroughout the CNS. High mRNA levels were found in cerebellar and olfactory granule cells, in the olfactory bers by virtue of their sensitivity to changes in extracellular pH. Both are inhibited by acidification and activated tubercles, in scattered neurons through all layers of the cerebral cortex, in intralaminar thalamic nuclei, pontine by alkalization, though the two channels have different ranges of pH sensitivity and distinct voltage-and timenuclei, and in the locus coeruleus (LC). By contrast, some regions had very low levels of TASK-1 mRNA (e.g., dependent properties. Here, we show that TASK-1 is abundant in motoneurons, as assessed by in situ hybridthe septum and the striatum). The most densely labeled cells, as assessed by highization. Taking advantage of the unique pH-and voltagedependent properties of TASK-1, we demonstrate that power microscopy of silver grains from emulsion-dipped slides, were brainstem and spinal cord motoneurons. this channel contributes to a prominent K ϩ conductance that is modulated by all of the aforementioned neuroThese cells are evident in the sagittal section of Figure  1A , which contains the facial nucleus (VII), as well as in transmitters (5-HT, NE, TRH, SP, and glutamate) in hypoglossal motoneurons (HMs). Thus, we provide a the inset to Figure 1A , which shows transverse sections (B) Averaged data (Ϯ SEM, n ϭ 9) showing the pH sensitivity of membrane currents in HMs. Inset, the corresponding input conductance measurements from the same neurons expressed as a percent of membrane conductance at pH 7.3 (control values), which averaged 13.7 Ϯ 1.7 nS. For both holding current and conductance measurements, the pH sensitivity was well described by a logistic function (solid lines) using parameters derived from experiments using HEK 293 cells expressing rat TASK-1 (pK, 7.48; Hill coefficient, 1.2). (C) Current traces from hyperpolarizing voltage steps (Ϫ60 to Ϫ130 mV) applied to a hypoglossal neuron subjected to alkalization (pH 8.4) and acidification (pH 6.5) of the extracellular medium. The instantaneous component of the current response was measured in a window ‫01ف(‬ ms after the onset of the step) after the settling of the capacitive transient and prior to the onset of the time-dependent inward current (I h ) and is indicated by a filled triangle (pH 8.4) or square (pH 6.5).
(D) The instantaneous current responses of the traces shown in (C) were plotted as a function of membrane potential. The resulting currentvoltage (I-V) relationships reveal a decreased conductance at pH 6.5 and a reversal of the pH-sensitive current near E K .
from the cervical and lumbar regions of the spinal cord. extremely high concentrations of silver grains overlaying their soma and proximal dendrites. We also found that Autoradiograms of transverse brainstem sections, shown in Figure 1B , contain a number of motor nuclei with high mRNA for TASK-1 was evident in brainstem and spinal cord motoneurons of younger animals (7-day-old rats; levels of TASK-1 mRNA, including facial (VII), hypoglossal (XII), ambigual (Amb), and motor trigeminal (MoV), data not shown), though there may have been slightly lower densities of silver grains compared to those of as well as the vagal motor nucleus (X), which contains autonomic motor neurons. All motor nuclei examined the adult (E. M. T. and D. A. B., unpublished data). contained high levels of TASK-1 mRNA, and we were unable to locate neurons within these nuclei that were HMs Are Depolarized in Response to Extracellular Acidification not heavily labeled. A darkfield image of silver grains over the hypoglossal nucleus from an emulsion-dipped Given that somatic motoneurons express high levels of TASK-1, we hypothesized that they would respond to section is shown in Figure 1C , and the indicated neurons (arrows) are also presented in a higher power brightfield fluctuations in extracellular pH. To test this possibility, HMs were recorded in a visualized slice preparation image in Figure 1D . Although it appeared that all HMs were densely overlaid with silver grains, some neurons ( Figure 1E ) under current-clamp conditions ( Figure 1F ). Acidification of the external bath solution (pH 6.5) caused were more heavily labeled than others (as is evident in Figure 1D ), suggesting differences in levels of TASK-1 a membrane depolarization, reaching the threshold for repetitive action potential discharge. The depolarization expression among these cells. These differences in expression were also found in other motoneurons, particuwas associated with an increase in input resistance, as indicated by the increased magnitude of the voltage larly those of the spinal cord, some of which contained responses to hyperpolarizing current pulses when the to extracellular pH changes, with a pK and slope factor very close to that found for HMs (pK, 7.48 Ϯ 0.12; slope, membrane potential was returned to the control level (Ϫd.c.). All cells studied under current-clamp conditions 1.2 Ϯ 0.41, n ϭ 6). The close match of HMs to rat TASK-1 is demonstrated graphically in Figure 2B , where mem-(n ϭ 4) responded with a depolarization associated with increased input resistance, suggesting that the depolarbrane currents and conductances obtained for HMs were accurately described by overlaying a logistic funcization was driven at least in part by inhibition of a K ϩ conductance. Such a response is consistent with their tion (solid lines) using the pK and Hill coefficient derived from recordings of the cloned channel. 1997) . Thus, In all cases (n ϭ 65), acidification of the external solution resulted in a net change in holding current in the inward these data indicate that the sensitivity of the HM response to changes in external pH is indistinguishable direction, whereas alkalization induced a corresponding change in the outward direction. The pH sensitivity of from that of rat TASK-1. Furthermore, they distinguish the response in HMs from the pH response of TASK-2 these currents was determined by titration with solutions of varying pH, ranging from pH 6.2 to pH 8.7.
(Reyes et al., 1998), which, though it is quite sensitive to changes in external pH, has a pK of 8.6 at Ϫ50 mV, Figure 2A shows the time course of a representative experiment. Figure 2B shows averaged holding current clearly much higher than that of either TASK-1 or the measurements from cells treated under this protocol motoneuronal pH-sensitive current. (n ϭ 9), with the corresponding input conductance measurements (shown in the inset to Figure 2B Figure 3D ). In both sets of cells, the reversal potential ‫ف(‬ Ϫ92 mV) of the pH-sensitive thermore, after I h blockade, the pH-sensitive conductance showed no time dependence, insofar as the pHconductance was very close to that predicted for a pure K ϩ conductance. Also, both sets of currents were well induced changes in current were the same magnitude at the beginning of the hyperpolarizing voltage steps fitted by the Goldman-Hodgkin-Katz equation (Hille, 1992) . The close fit of this function (shown as a solid (after the settling of the whole-cell capacitive current) as at the end of these steps. The fact that there was no line overlaying the current measurements in Figures 3C  and 3D Figure 6C . Averaged data from a sodium-dependent cation conductance (Parkis et al., experiments using this protocol ( Figure 6D ) showed that 1995; Hsiao et al., 1997). In the present study, we found inhibition by TRH was nearly identical in magnitude to evidence for a residual, pH-insensitive component of that induced by acidification of the extracellular media the neurotransmitter response (as shown in Figure 5 ) in (69.6 Ϯ 3.6% versus 76.0 Ϯ 3.2% of control [pH 7.3], at least 18 of 22 cells, insofar as the response to transrespectively). Moreover, after inhibiting the channel via mitter was larger than that induced by acidification. The TRH application, further block by acidification was miniresidual component apparently did not entail the inhibimal (3.4 Ϯ 2.4% of control), indicating a nearly complete tion of a K ϩ channel, since there was no further reduction inhibition of TASK-1 by the transmitter. Thus, the present in input conductance beyond that caused by acidificadata indicate that TASK-1 can indeed be inhibited via tion alone. In fact, for all five transmitters, the change receptors coupled to G proteins of the ␣ q/11 family. As in input conductance induced by agonist was actually was the case for the majority of HMs, the inhibition smaller than that caused by acidification (Ϫ14.8 Ϯ 2.2% appeared to entail a complete blockade, insofar as the for agonist and Ϫ25.8 Ϯ 1.9% for acidification), in spite pH-sensitive conductance was no longer detectable. of the larger inward change in holding current induced by each agonist. In the case of 5-HT, where the transmitter was applied subsequent to inhibition of the K ϩ curDiscussion rent by extracellular acidification (Figure 4) , the pHinsensitive currents failed to reverse polarity for all cells These results provide strong evidence that TASK-1 is the resting K ϩ channel modulated by multiple neurotested (n ϭ 4), and for two cells the response entailed a purely parallel inward shift in the I-V relationship. These transmitters in HMs. In situ hybridization data showed that this gene is expressed at high levels in motoneu-I-V relationships are entirely consistent with the bariuminsensitive residual neurotransmitter current described rons, including HMs, and whole-cell recordings of HMs revealed a corresponding K ϩ conductance with properin other studies (e.g., Bayliss et al., 1992; Hsiao et al., 1997).
ties identical to the cloned channel. These properties include open rectification, a lack of measurable time The resemblance of the present results using extracellular acidification to inhibit a K ϩ conductance with those dependence, and a strong inhibition by extracellular hydrogen ions that is half-maximal near physiological pH. from previous experiments using barium to block a similar conductance suggested that TASK-1 may itself be Occlusion experiments using 5-HT, NE, SP, TRH, and the mGluR agonist DHPG indicate that this pH-sensitive barium sensitive. Experiments with TASK-1-transfected HMs induced a small inward shift in the holding current high levels of expression that are seen for TASK-1 would (associated with an increase in conductance), rather somehow be rendered irrelevant to the K ϩ conducthan the outward shift that would be expected from the tances at the cell membrane. The convergence of these activation of a K ϩ channel. Furthermore, this lipid had two possibilities has not been ruled out but is highly no effect on the transmitter current in HMs (n ϭ 7, data unlikely. Though absolute affirmation will no doubt renot shown). Thus, it does not appear that TRAAK conquire genetic or molecular manipulation of channel extributes to the neurotransmitter-modulated current in pression, these data compellingly identify TASK-1 as a HMs or even to the resting K ϩ current in these cells. leak K ϩ channel targeted for transmitter modulation.
As IRK ( 
